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Use of Supramolecular Assemblies as Lithographic Resists
Scott M. Lewis [a] ,* Antonio Fernandez [a] , Guy A. DeRose [b] , Matthew S. Hunt [b] , George F. S.
Whitehead [a] , Agnese Lagzda [a] , Hayden R. Alty [a] , Jesus Ferrando-Soria [a] , Sarah Varey [a] , Andreas K.
Kostopoulos [a] , Fredrik Schedin [c] , Christopher A. Muryn [a] , Grigore A. Timco [a] , Axel Scherer [b] , Stephen G. Yeates [a] and Richard E. P. Winpenny [a] * Abstract: We show that by design we can create a new resist materials for electron beam lithography, based on a supramolecular assembly. The initial studies show that via this supramolecular approach high resolution structures can be written which show unprecedented selectivity when exposed to etch conditions involving plasmas.
Supramolecular chemistry has reached a major landmark with the award of the 2016 Nobel Prize for work on molecular machines. 1 There are remarkably imaginative and potentially transformative proposals to use supramolecular chemistry, for example as components of memory devices, 2 or as molecular robots to assemble small peptides, 3 or as rotary motors powered with light, 4 or as supramolecular spin valves. 5 Real-world applications of this branch of nanoscience will only appear in the future. The major technological advances in nanoscience to this point have arisen from the fabrication by lithography of integrated circuits (ICs). The main component of an IC is a field effect transistor (FET) and the reduction in size of FETs has led to a revolution in electronics over the last five decades. The sizelimiting fabrication step is lithography, which involves writing a pattern into a resist material prior to etching. 6 Conventional resist materials are organic polymers such as polymethylmethacrylate (PMMA). 7 The technological roadmap in electronics 8 15 expanding this approach to incorporate quantum effects using the hard sphere model to consider the low energy electrons (< 500 eV). 16 Patterns can be calculated for a putative resist material without any assumptions concerning the underlying chemistry of the resist. The only parameters considered are the molecular weight of the material, the weighted average atomic number of the elements present and the density of the material. Simulations show that to achieve a high resolution the ideal resist would have a high molecular weight and a very low density: together these generate a very large molecular volume. Inclusion of elements with high atomic number improves the speed with which the resist can be written. Based on these predictions, an excellent candidate is: Supporting information for this article is given via a link at the end of the document.
The compound involves the binding of six octametallic {Cr7Ni} rings around a central {Ni12} ring. The internal structures of the various rings are described in detail elsewhere. 17 Here we are only concerned with the overall topology. The six octametallic rings pack inefficiently around the central ring, rather like six small plates attached at their edges to one larger central plate. The density of 1 in crystalline form is low (0.81 g cm -3 ) despite the molecular weight of the supramolecule being high (16,887 Dalton). The exterior of 1 consists entirely of t-butyl groups, which gives the compound high solubility in solvents suitable for preparing films on silicon substrates. Compound 1 was deposited on silicon by spin coating from tbutylmethyl ether. X-ray photoelectron spectroscopy (XPS) studies show that the films, as deposited, contain intact molecules of 1 (Table S1 ) and AFM studies show these films are smooth, with a surface roughness < 4 nm, as deposited and after the writing step (see Supplementary Information) . The film was written using a 30 KeV e-beam within a scanning electron microscope. After developing the pattern using hexane for 30 seconds we can write 7 nm lines into a 30 nm film, separated by 20 nm (Figure 2a) ; these match Monte Carlo simulations precisely (Figure 2b ). The pattern written into compound 1 has a high selectivity for etching when compared with the silicon substrate ( Figure 3) . Post writing the material appears to be mainly Cr2O3, as shown by XPS studies (see Table S2 ), but doped with fluoride and the second metal. In Figure 3a we show 14 nm lines written into a 60 nm thick film of 1. The underlying silicon was then etched with a Pseudo Bosch process that uses an inductively coupled plasma (ICP) of SF6 and C4F8 gases. This generates silicon nanostructures that are 14 nm wide and 155 nm high; the resist could still be seen at the tip of the silicon structures (Figure 3b ). The resist layer can be removed by wet etching the silicon dioxide (SiO2) layer immediately beneath the resist using buffered HF for 60 s; doing this yielded silicon fins 155 nm high and 12 nm wide (Figure 3c ). These etch results are so unusual 18 they have been pursued further. Firstly, the resist was patterned with a larger line width of (a) (b)
25 nm and a pitch of 200 nm in a 60 nm thick film (Figure 3d ). The etch time was extended to 210 s which led to the etch undercutting the resist ( Figure 3e) ; undercutting is normally an undesirable result, but here the final structures are straight with little line edge roughness. The remaining resist was 58 nm high and can be seen at the tip of the silicon fins (Figure 3e ). This gives a resist etch rate of 0.12 nm s -1 while the silicon etch rate was 1.55 nm s -1 . The silicon has etched 130 times faster than the resist, which is a selectivity twice as good as the best observed previously (with aluminium oxide masks). 12b Removal of the resist gives silicon nanostructures with a 330 nm height and 9 nm width, i.e. a 36:1 aspect ratio in one write-etch cycle (Figure 3f ). The process generates silicon structures almost three times narrower than the resist pattern written by the e-beam (compare Figures 3d and 3f ). To our knowledge such behavior is unprecedented and is caused by the huge resistance of structures written in 1 to the plasma etch process. Most of the resist remains after etching for 210 seconds (Figure 3e ). The resist is therefore capable of surviving for longer etch times; in the future we will examine the maximum depth of etch that can be achieved. The targets are large area patterns etched containing structures that are much taller than the 330 nm fins shown here. Use of a large supramolecular assembly such as 1 demonstrates a potentially new area to be explored using supramolecular chemistry. Our studies of 1 are the most complete, however we have studied many related compounds in this context. 21 We find all are suitable as electron beam resists, but that the larger compounds 1, 4 and 5 are better for high resolution structures ( Figure S3 ). For example, 8 nm lines are easily written into 5. We believe this is because the electron beam is writing into a molecular material and most scattering events occur when the beam hits an individual molecule. This event occurs far more rarely for a very large molecule than a small molecule, and hence the scattering is lower for large molecules and resolution is concomitantly higher. We compared 2 with 3 to examine whether simpler chemical engineering of performance was possible: we find that the unsaturated side-chain on the carboxylate in 3 leads to a resist that writes more quickly, but where we lose resolution.
In all cases XPS studies shows that material is based on Cr2O3 post writing, and it is this that gives the extreme etch selectivity. Therefore we can conclude that etch performance is due to the presence of the early d-block metal in the initial resist. These initial studies show we can design a material with a combination of unique and potentially transformative properties in an area of immediate technological relevance. The processes applied are typical of those used in industry with polymeric resists, and silicon structures can be produced with an aspect ratio greater than 30:1. The key chemical features are: a low density but high molecular weight material -these are the parameters that allow high resolution features to be written; decomposition in the e-beam to a hard material -in this case Cr2O3 -which is strongly resistant to the etching plasma; solubility in the solvents -mainly non-polar organic solvents -used in the semiconductor industry. Considering examples where these key features are combined it is apparent, that many metallosupramolecular compounds could be useful, for example metal capsules made by the Fujita group are hollow and hence low density. 22 Possibly the most unusual feature of 1 -5 is actually the high solubility in suitable solvents, and hence their processability.
Other new routes to nanometer lithographed structures are being explored. An interesting comparison is with direct laser writing of nanostructures. 23, 24 This alternative approach has huge flexibility and greater speed than we can achieve at present due to the advantage of laser writing rather than e-beam writing. However, the resulting materials are organic polymers and, as with other polymeric resist materials, 18 are unlikely to demonstrate the extreme etch selectivity of 1. The array of new techniques 13, 14, 23 being developed to pattern surfaces and nanostructures should be regarded as complementary, and possible routes forward to make still smaller nanodevices in the future. 
